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Abstract

Bourbon virus (BRBV) is an emerging tick-borne orthomyxovirus that causes severe febrile illness
in humans. There are no specific treatments for BRBV disease currently available. Here, we
developed a highly accessible and robust, quantitative fluorescence-based BRBV minigenome
(MG) system and applied it to high-throughput antiviral drug screening. We demonstrated

that human dihydroorotate dehydrogenase (DHODH) inhibitors, hDHODH-IN-4 and brequinar,
efficiently reduced BRBV RNA synthesis, and validated these findings using infectious BRBV
in vitro. The DHODH inhibitors also exhibited high potency in inhibiting MG activities of

other orthomyxoviruses with emerging zoonatic potential, including bat influenza A virus, swine
influenza D virus, and Thogoto virus. Our newly developed MG system is a powerful platform
for antiviral drug screening across the Orthomyxoviridae family, enabling rapid development and
deployment of antivirals against future emerging orthomyxoviruses.
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1. Introduction

Bourbon virus (BRBV) belongs to the genus Thogotovirus in the family Orthomyxoviridae
(Kosoy et al., 2015), which is comprised of seven virus genera including
Alphainfluenzavirus, Betainfluenzavirus, Gammainfluenzavirus, Deltainfluenzavirus,
Isavirus, Quaranjavirus, and Thogotovirus (International Committee on Taxonomy of
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Viruses (ICTV) Reports, 2020). The genome of BRBV consists of six segments of single-
stranded, negative-sense RNA in which each segment is known to encode for a single viral
protein: segments 1-3 and 5 encode for the subunits of the viral RNA-dependent RNA
polymerase (RdRp) complex (PB2, PB1, and PA) and nucleoprotein (NP) respectively, and
segments 4 and 6 encode for the glycoprotein (GP) and matrix (M) protein, respectively
(Lambert et al., 2015). Members of the family Orthomyxoviridae have a wide host range
and broad geographic distribution, and thus have been recognized as important pathogens
threatening public health via zoonotic transmission to humans (Asha and Kumar, 2019;
Kumar et al., 2018).

BRBYV is a tick-borne virus transmitted by the Lone Star tick - Amblyomma americanum
(Godsey et al., 2021; Savage et al., 2017; Savage et al., 2018). BRBV was first isolated from
a patient in Bourbon County, Kansas in the United States of America (USA) in 2014 (Kosoy
et al., 2015). The patient developed febrile illness with a maculopapular rash, and died

11 days after symptom onset from complications related to thrombocytopenia, leukopenia,
renal dysfunction, acute respiratory distress syndrome, and shock. To date, several additional
cases of BRBYV infection, including a second fatal case identified in Missouri, USA in

2017, have been reported in the central and southcentral United States (Bricker et al., 2019;
Centers for Disease Control and Prevention).

While documented cases of human disease caused by BRBYV infection are limited,
serological surveys of wild and domesticated animals demonstrated the presence of BRBV-
neutralizing antibodies in wide variety of species, including the domesticated dog (Caris
lupus familiaris), eastern cottontail (Sy/vilagus floridanus), horse (Equus caballus), raccoon
(Procyon lotor), and white-tailed deer (Odocoileus virginianus) (Jackson et al., 2019; Komar
et al., 2020). These accumulating field data clearly indicate that both wild and domesticated
animals are frequently exposed to BRBYV, and suggest the possibility of more human cases
of BRBV infection that might have gone unnoticed or been misdiagnosed.

Despite the prevalent risk of BRBV exposure in both humans and animals, there are no
specific treatments for BRBV disease currently available. In this study, we developed a
fluorescence-based minigenome (MG) system for BRBV and performed high-throughput
drug screening targeting viral RNA replication/transcription. Additionally, we established
MG systems for other orthomyxoviruses which have potential as emerging zoonotic
pathogens and applied these systems for testing the compound’s antiviral efficacy. Here,

we provide a highly efficient, pan-orthomyxovirus drug screening platform that enables us to
promptly respond to the emergence of novel pathogenic orthomyxoviruses.

2. Materials and Methods

2.1. Chemical compounds

Antiviral Compound Library (HY-L027), hDHODH-IN-4 (HY-128787; CAS No.
1644156-56-8), brequinar (HY-108325; CAS No. 96187-53-0), and sofosbuvir (HY-15005;
CAS No. 1190307-88-0) were purchased from MedChemExpress. Favipiravir (T-705)
(A11590; CAS No. 259793-96-9) was purchased from AdooQ. Compounds were
resuspended in dimethyl sulfoxide (DMSO) and stored at —80°C.
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2.2. Cells and viruses

HEK293 (CRL-1573), HEK293T/17 (ATCC, CRL-11268), Huh7 (a kind gift from
Yoshiharu Matsuura, Osaka University), and Vero E6 cells (ATCC, CRL-1586) were
maintained in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin (PS).
BHK-21 cells (ATCC, CCL-10) were maintained in EMEM supplemented with 10%
Tryptose phosphate broth, 5% FBS, and 1% PS.

BRBV-Original isolate and Thogoto virus (THOV) IIA isolate were kindly provided by
Brandy J. Russell of the Centers for Disease Control and Prevention (CDC). BRBV and
THOV stocks were prepared in Huh7 and BHK-21 cells, respectively, by passaging the
original virus once.

BRBYV titer was determined by focus-forming assay. Briefly, Vero E6 cells were seeded

in 24-well plate (1.5 x 10° cells/well) or 96-well plate (2 x 10 cells/well) 1 day before
infection. Cells were infected with 10-fold serial dilutions of virus and overlayed with
1.2% carboxymethylcellulose. After 2 days post-infection (dpi), cells were fixed with 10%
neutral buffered formalin. Cells were permeabilized using 1:1 ratio of methanol:acetone
for 10 min at room temperature followed by blocking in 1% BSA for 1 hour at room
temperature. Affinity purified rabbit polyclonal antibody was produced against peptide
antigen Cys-EDEQRDLWLEEVTRQLNTLTPVIRG from BRBV M protein by Biomatik
and used as a primary antibody. Primary antibody was added to the cells at concentration of
1:1000 in PBS containing 1% BSA and incubated at 4°C overnight. Visualization of viral
foci was accomplished by using goat anti-rabbit AlexaFluor 488 (ThermoFisher Scientific)
at concentration of 1:1000.

2.3. Viral genome sequencing

BRBV-Original and THOV 1A were passaged once in Vero E6 and BHK-21 cells,
respectively. Viral RNA was extracted and purified using QlAamp Viral RNA Mini kit
(QIAGEN). Full-length viral genome sequences were determined by 3’ and 5’RACE and
Sanger sequencing. All sequence information is available from the Genbank database
(accession numbers OL989462—-01L989467).

2.4. Generation of minigenome plasmids and helper plasmids

Human RNA polymerase | (hPoll)-driven BRBV MG plasmids were generated based on
BRBYV segment 2. Briefly, BRBV segment 2 was amplified by RT-PCR from viral genomic
RNA and the cDNA was cloned into a cloning vector. The PB1 open reading frame (ORF)
was replaced with either the nanoluciferase (NLuc) (Hall et al., 2012) or the ZsGreen
fluorescent protein gene (Matz et al., 1999), while the 3’ and 5’ non-coding regions (NCRs),
which are crucial for initiation of transcription, and replication of viral RNA via recognition
by the viral RdRp, were left intact. The cDNA consisting of the segment 2 3’ and 5° NCRs
flanking a reporter gene was then cloned into a pPoll vector which possesses the hPoll
promoter and terminator sequences as previously described (Flick et al., 2003).BRBV MG
plasmids based on segment 1, 4, and 6 were also generated by the same cloning methods
described above. To generate BRBV helper plasmids, the PB2, PB1, PA, and NP ORFs were
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amplified and the cDNA was cloned into a pCAGGs vector possessing the cytomegalovirus
enhancer fused to the chicken beta-actin promoter (Niwa et al., 1991).

THOV MG and helper plasmids were generated by the same cloning methods described
above but using genomic THOV 1A RNA as a template for RT-PCR. Influenza A virus
(IAV) MG and helper plasmids were generated based on identified sequences of human
A(H1N1) pandemic 2009 strain, A/Mexico/InDRE4487/2009 (Tsuda et al., 2017). Bat 1AV
and swine influenza D virus (IDV) MG systems were constructed based on sequences

of A/flat-faced bat/Peru/033/2010 (H18N11) (CY125942.1, CY125943.1, CY125944.1,
CY125946.1) and D/swine/Oklahoma/1334/2011 (LC522351.1, LC522352.1, LC522353.1,
LLC522355.1).

2.5. Minigenome reporter assays

For the luciferase-based MG assay, HEK?293 cells (2 x 10° cells/well) were seeded in
12-well plates 1 day before transfection. Cells were transfected using Transit-LT1 with a
MG-NLuc plasmid (0.5 pg) together with helper plasmids PB2, PB1, PA, and NP (0.5 pg
each). A plasmid encoding firefly luciferase under the control of an SV40 promoter (10 ng,
pGL2-control; Promega) was also included as a transfection control (Hoenen et al., 2010).
Cells were lysed using Passive Lysis Buffer (Promega), and luciferase activity was measured
by NanoGlo-Dual Luciferase Reporter Assay System (Promega). For the fluorescence-based
MG assay, HEK293T/17 cells (1.5 x 10° cells/well) were seeded in 24-well plate 1 day
before transfection. Cells were transfected using Transit-LT1 with a MG-ZsGreen plasmid
(0.25 pg) together with helper plasmids PB2, PB1, PA, and NP (0.1 ug each). Fluorescence
signal was measured by Glomax Discover Microplate Reader (Promega) with emission filter
500-550/excitation filter Blue 475nm. Fluorescence images were obtained using a ZOE
Fluorescent Cell Imager (Bio-Rad).

The fluorescence-based MG assay was further optimized to a 96-well plate using
HEK293T/17 cells (6 x 10* cells/well). Optimized plasmid amounts were: 125 ng of MG
and 1.56 ng of each helper plasmids for BRBV, THOV, and AV MG systems; 62.5 ng of
MG and 3.125 ng of each helper plasmids for bat AV MG system; and 125 ng of MG and
0.78 ng of each helper plasmids for IDV MG system.

2.6. Compound screening using fluorescence-based MG systems

The Antiviral Compound Library was screened at the dose of 50 nM using the
aforementioned optimized fluorescence-based BRBV MG system in 96-well plate.
Similarly, the inhibitory effects of hDHODH-IN-4, brequinar, sofosbuvir, and favipiravir on
MG activity were tested using optimized fluorescence-based orthomyxovirus MG systems
in 96-well plates. Compounds were added to the cells after 8 hours post-transfection (hpt),
and fluorescence signals were measured at 3 days post-transfection (dpt) followed by cell
viability assay using CellTiter Glo Luminescent Cell Viability Assay (Promega).

2.7. Virus growth kinetics

Huh7 cells (3 x 10 cells/well) were seeded in 6-well plate 1 day before infection. Cells
were infected with BRBV at a multiplicity of infection (MOI) of 0.1. After 1 hour
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adsorption with tilting every 15 minutes, cells were washed 3 times with serum-free DMEM
and 3.5 ml of DMEM supplemented with 2% FBS was added to the cells. Immediately after
adding medium, 0.5 ml of supernatants were harvested as a sample of 0 dpi. Up to 3 dpi,
0.5 ml of supernatants were harvested at the indicated timepoints and replaced with an equal
volume of fresh medium supplemented with 2% FBS. All supernatant samples were stored
at —80 °C until use for titration.

2.8. Evaluation of compound efficacy on BRBV replication

Huh7 cells (8 x 10* cells/well) were seeded in 24-well plate 1 day before infection and
infected with BRBV at an MOI of 0.1. After 1 hour adsorption with tilting every 15 minutes,
cells were washed 3 times with serum-free DMEM and 0.5 ml of DMEM supplemented
with 2% FBS and compounds or DMSO vehicle was added to the cells. Supernatants were
harvested at 3 dpi and stored at —80°C until use for titration.

2.9. Cell viability assay

Huh7 cells (2 x 10% cells/well) were seeded in 96-well plate 1 day before compound
treatment. After 3 days post-treatment, cell viability was measured by CellTiter Glo
Luminescent Cell Viability Assay (Promega).

2.10. Biosafety

All experiments using infectious BRBV and THOV were performed in a biosafety
level 3 (BSL-3) and biosafety level 2+ (BSL-2+) facilities, respectively, at Mayo Clinic
in accordance with approval and guidelines provided by the Mayo Clinic Institutional
Biosafety Committee (IBC). Sample inactivation and removal from the facility was
performed in accordance with standard operating protocols approved by the IBC.

2.11. Statistical analyses

Experiments were performed as three biological replicates. Statistical analyses were
performed using the t test and one-way ANOVA with GraphPad Prism 9 version 9.1.0.

3. Results

3.1. Generation of human polymerase I-driven BRBV minigenome system

BRBV-Original isolate was passaged once in our lab and genome sequences were
determined by Sanger sequencing. We confirmed that our verified sequences of segment

3 (0L989464) and 4 (OL989465) were identical to those previously deposited in Genbank
(segment 3: KP657748.2, segment 4: KU708255.1), however some nucleotide differences
were found in our verified sequences of segment 1 (0L989462), 2 (OL989463), 5
(0L989466), and 6 (OL989467) (Fig. 1A). Nucleotide differences identified in ORF regions
of segment 2 and 5 resulted in a cluster of amino acid (aa) changes, totaling 4 and 5 amino
acid differences in PB1 and NP, respectively. Notably, aa 573-577 in PB1 and aa 67-71 in
NP in other BRBV isolates, including BRBV-STL, -KS15-1735, and -M013-2499 (kindly
provided by Brandy J. Russell of the CDC and passaged once in Huh7 cells in our lab), were
confirmed to be all identical to those of our passaged BRBV-Original (data not shown).
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To establish a BRBV MG system, we constructed helper protein-expressing plasmids based
on our verified sequences, together with a MG encoding NLuc gene in segment 2 (Fig. 1B).
Using this system, we observed an approximately 5-log induction of MG luciferase activity
relative to PB2(-) negative control at 48 hpt (Fig. 1C), indicating that our verified sequences
are functional in driving BRBV MG activity.

3.2. Generation and optimization of a fluorescence-based BRBV minigenome system for
the use of compound screening

To develop a fluorescence-based BRBV MG system for use in high-throughput antiviral
compound screening, we first optimized our system using the Glomax Discover Microplate
Reader, which can quantify fluorescence signals. Among all conditions tested, we found
that the expression of ZsGreen in HEK293T/17 cells exhibited the highest quantified
fluorescence signal, consistent with our fluorescence microscopy images (Fig. SIA-C).
According to this data, we constructed a BRBV segment 2 MG encoding ZsGreen (Fig.
2A) and performed the MG assay in HEK293T/17 cells in 24-well plate format. The MG
was successfully transcribed as evidenced by the significantly higher fluorescence signal
compared to the PB2(-) negative control (Fig. 2B-C). MG activities gradually increased
over time and showed the highest activity at 72 hpt (Fig. 2D). Fluorescent activity using
MGs based on segment 2 and 6 were relatively higher than those of segment 1 and 4,
although there was no statistical significance (Fig. S2A-C).

Since it was suggested that saturation of helper proteins in the cells due to transfection of
excessive amount of helper plasmids may mask the functionality of compound targeting
viral RNA synthesis (Mendoza et al., 2021), we assessed whether we could reduce the
amount of helper plasmids while retaining the optimum MG activity. Using a 96-well plate
format, we demonstrated that helper plasmids diluted 16-fold from the original condition
still induced a comparable level of MG activity (Fig. 2E). Notably, we saw significantly
higher MG activity in absolute value by downsizing of the plate format to 96-well (Fig. 2E)
compared to 24-well format (Fig. 2C). Thus, this optimized platform was chosen for further
experiments to evaluate compound efficacy in inhibiting BRBV MG activity.

3.3. High-throughput compound screening assay using BRBV minigenome system

To identify compound(s) that efficiently inhibit BRBV RNA synthesis, we utilized an
Antiviral Compound Library (MedChemExpress), a collection of 596 bioactive anti-virus
compounds including 126 small molecules that target influenza virus. By utilizing an
optimized BRBV MG system for compound screening (Z’factor = 0.8), we found that 5
compounds reduced MG activity more than 40% compared to the vehicle control at the

50 nM dose: hDHODH-IN-4, NMS-873, harringtonine, brequinar, and floxuridine (Fig.
3A, Table S1). Cells treated with 50 nM of hDHODH-IN-4, harringtonine, brequinar, and
floxuridine maintained 90% of cell viability relative to the vehicle control, while NMS-873
showed significant cytotoxicity. Broad-spectrum viral RdRp inhibitors such as favipiravir,
ribavirin, and GS-441524 (a predominant metabolite of remdesivir) (Tian et al., 2021a; Tian
et al., 2021b) were not efficacious in reducing BRBV MG activity under the conditions
tested (Table S1).
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The ICsq and 1Cgqq values were further determined for two dihydroorotate dehydrogenase
(DHODH) inhibitors, hDHODH-IN-4 and brequinar (Fig. 3B), along with favipiravir in our
BRBYV MG platform. We found that hDHODH-IN-4 and brequinar exhibited 1C5q and 1Cgyq
values in the nanomolar range, which were significantly lower than those of favipiravir

(Fig. 3C, Table 1). Additionally, we included sofosbuvir, an FDA-approved hepatitis C virus
RdRp inhibitor which has been shown to have no effect on negative-strand RNA viruses in
our MG assay as a negative control (Bhatia et al., 2014; Deval et al., 2015). As expected,
sofosbuvir did not show any inhibition of BRBV MG activity (Fig. 3C).

3.4. DHODH inhibitors counteract BRBV replication in vitro

Next, we evaluated antiviral efficacy of newly identified compounds, hDHODH-IN-4 and
brequinar, against BRBV in Huh7 cells, which support BRBV replication with the highest
titer reached at 3 dpi at an MOI of 0.1 (Fig. 4). We found that hDHODH-IN-4 and brequinar
are remarkably potent in inhibiting BRBV replication, with ICsq and ICqq in the nanomolar
range (Fig. 5A-B). Favipiravir also was capable of inhibiting BRBV replication, albeit with
an ICgq lower than that previously reported (0.54 uM in our study; 310 uM in Bricker et

al., 2019), and with significantly less inhibition than hDHODH-IN-4 and brequinar. These
results clearly demonstrated a high potency of DHODH inhibitors to counteract BRBV
replication /n vitro.

3.5. Broad spectrum efficacy of DHODH inhibitors on various orthomyxovirus MG

activities

In recent decades, a number of novel orthomyxoviruses have been identified worldwide
(Allison et al., 2015; Campos et al., 2019; Chiapponi et al., 2016; Ducatez et al., 2015;
Ejiri et al., 2018; Ellis J.C., 2010; Ferguson et al., 2015; Flynn et al., 2018; Hause et

al., 2013; Jiang et al., 2014; Kessell et al., 2012; Mitra et al., 2016; Murakami et al.,

2016; Tong et al., 2012; Tong et al., 2013; Yang et al., 2021). To validate whether our
novel fluorescence-based MG system can be applied to a high-throughput screening scheme
for pan-orthomyxovirus antiviral drugs, we generated additional MG systems that cover a
broad range of orthomyxoviruses with emerging zoonotic potential, including bat influenza
A virus (bat 1AV: Afflat-faced bat/Peru/033/2010 (H18N11)) (Tong et al., 2013), swine
influenza D virus (swine IDV: D/swine/Oklahoma/1334/2011) (Hause et al., 2013), and
Thogoto virus (THOV: prototype 11A), along with a human influenza A (H1N1) virus
pandemic strain (IAV: A/Mexico/InDRE4487/2009) (Tsuda et al., 2017) as a control (Fig.
6A), and tested compound’s inhibitory effects on their MG activities. All MGs were
successfully transcribed, with the THOV MG platform having the highest activity (Fig.
6B-C, S3A-B). Helper plasmids were diluted 16-fold for 1AV, bat AV and THOV MG
systems, and 32-fold for IDV MG system from the original condition according to our
plasmid titration assay to optimize MG activity (Fig. 6D) and used for further experiments.
We demonstrated that hDHODH-IN-4 and brequinar have a pan-inhibitory effect on all
orthomyxovirus MG activities in the nanomolar range, whereas the 1Csq and 1Cgqq of
favipiravir were in the micromolar range (Table 1, Fig. S4A-D). No inhibitory activity
occurred with sofosbuvir treatment in any orthomyxovirus MG system. In summary, we
showed that our fluorescence-based MG system is a robust platform to identify antiviral
drugs targeting orthomyxoviruses. Our data all strongly suggest that DHODH inhibitors
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could be an effective treatment approach across the Orthomyxoviridae family, including
potential emerging zoonotic orthomyxoviruses.

4. Discussion

In the past few decades, numerous novel orthomyxoviruses such as BRBV (Bricker et

al., 2019; Kosoy et al., 2015), bat-associated 1AVs (Campos et al., 2019; Tong et al.,

2012; Tong et al., 2013; Yang et al., 2021), IDVs (Chiapponi et al., 2016; Ducatez et al.,
2015; Ferguson et al., 2015; Flynn et al., 2018; Hause et al., 2013; Jiang et al., 2014;

Mitra et al., 2016; Murakami et al., 2016), Wellfleet Bay virus (Allison et al., 2015;

Ellis et al., 2010), Cygnet River virus (Kessell et al., 2012), and Oz virus (Ejiri et al.,
2018) have been identified worldwide. Among them, BRBYV is known to be pathogenic

to humans. In this study, we established a highly accessible pan-orthomyxovirus drug
screening platform based on a fluorescent protein reporter system. While luminescence-
based assays have a high detection sensitivity, they require multiple steps to obtain results
including removal of cell supernatants, washing, lysis, and mixture of cellular lysates with
luciferase substrate. In contrast, our fluorescence-based orthomyxovirus MG systems do
not require any downstream manipulation, which enabled us to perform high-throughput
compound screening in a simple, rapid, and inexpensive way with quantitative output using
a multimode plate reader. Importantly, we demonstrated that the efficacy of compounds
for inhibition of BRBV RNA synthesis in the MG system was consistent with that with
infectious virus (Fig. 3C, 5A-B), indicating a good reliability of our MG-based compound
screening platform. We expect that our quantitative MG system can be promptly applied to
newly emerged orthomyxoviruses to evaluate antivirals, if the need arises.

In this study, we identified that two DHODH inhibitors, hDHODH-IN-4 and brequinar,
efficiently inhibit BRBV replication /n vitro. The 1Csq of hDHODH-IN-4 and brequinar are
25.7 nM and 17.9 nM, respectively (Fig. 5A), which are significantly lower than that of
favipiravir (ICsp: 540 nM; 310 uM (Bricker et al., 2019)) and myricetin (ICsq: 4.6 pM (Hao
et al., 2020)), the compounds previously found to counteract BRBV infection. DHODH

is a mitochondrial enzyme that catalyzes the conversion of dihydroorotate to orotic acid

in the de novo pyrimidine biosynthesis pathway (Barnes et al., 1993; Boukalova et al.,
2020; Evans and Guy, 2004). The mechanism of antiviral action of DHODH inhibitors is
by the inhibition of de novo pyrimidine synthesis that results in depletion of nucleotides
required for virus replication (Coelho and Oliveira, 2020; Hoffmann et al., 2011; Zhou et
al., 2021). Mammalian cells possess two pyrimidine synthesis pathways: salvage and de
novo. While the salvage pathway supplies basal level of pyrimidine in normal proliferative
cells, the de novo pathway supplies additional amounts of pyrimidine to meet the enormous
demand for nucleotides in metabolically activated cells (e.g., virus infected cells). Because
the DHODH inhibitors only targets the de novo pathway but leaves the salvage pathway
intact, this host-targeting strategy can be effectively applied to counteract virus infection
with minimum damage on cell viability. In addition to this main antiviral action, DHODH
inhibitors have been shown to amplify innate immunity, which may also contribute to their
antiviral activities (Lucas-Hourani et al., 2013; Luthra et al., 2018; Yang et al., 2018).

The pathway of host pyrimidine metabolism, especially via DHODH, has become of great
interest as a target of antiviral as well as cancer therapy in recent years (Boukalova et al.,
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2020; Kaur et al., 2021; Madak et al., 2019; Vyas and Ghate, 2011; Zhou et al., 2021).

To date, there are 3 DHODH inhibitors approved by the US FDA: leflunomide (Arava;
approved for use in rheumatoid arthritis and psoriatic arthritis), teriflunomide (Aubagio;
approved for use in relapsing forms of multiple sclerosis), and Atovaquone (Mepron;
approved for use in Pneumocystis firoveci induced pneumonia). A number of DHODH
inhibitors with different structures have been reported, and some of them have shown broad-
spectrum activity against negative-strand RNA viruses including influenza A and B viruses,
positive-strand RNA viruses, and DNA viruses (Bonavia et al., 2011; Hahn et al., 2020;
Hoffmann et al., 2011; Xiong et al., 2020; Yang et al., 2018). Brequinar, one of the identified
compounds in this study, has been evaluated in phase I/11 clinical trials against COVID-19
(ClinicalTrials.gov Identifier: NCT04575038 and NCT04425252) and may also be a good
candidate to treat BRBV disease. While DHODH inhibitors have been successfully used

for a range of diseases, some adverse events including fever, headache, diarrhea, nausea, or
difficulty breathing may occur in some patients during the use of FDA-approved DHODH
inhibitors (Aly et al., 2017; Fan et al., 2022). Continued studies will be therefore required to
carefully evaluate /n vivo efficacies and adverse effects of DHODH inhibitors to apply them
for infectious viral diseases.

We observed a large disparity in the 1Cgq values of favipiravir in inhibition of BRBV
replication /in vitro between our study and the previous study (ICsg = 0.54 uM in our study;
310 uM in Bricker et al., 2019). One possible reason behind this disparity could be due

to the different of virus isolates used for each study: BRBV-STL was used in the previous
study, whereas we used BRBV-Original. Interestingly, we found two amino acid differences
in the PB1 polymerase subunit at aa 81 and aa 558 between these two BRBYV isolates,
suggesting that these amino acids may be responsible for differential impact of favipiravir.
In future studies, we will characterize the potential differences in favipiravir sensitivity seen
among BRBYV isolates.

With our orthomyxovirus MG systems, we found a unique characteristic of IDV genome
replication/transcription: unlike other orthomyxovirus MG systems, IDV MG activity
increased by reducing the amount of helper proteins (Fig. 6D). This insight suggests the
interference of RNP function by either excessive amount of helper proteins or possibly
by unknown viral protein(s) encoded by the ORF sequence of IDV segment 1, 2, 3, or

5. Indeed, PB2-S1, a novel viral protein encoded by a spliced mRNA from 1AV PB2
segment, has been shown to interfere with viral polymerase activity due to its PB1-binding
capability (Yamayoshi et al., 2016). In addition to compound screening, our established
orthomyxovirus MG systems will also serve as a great tool to perform head-to-head
comparison of viral RNA synthesis among various orthomyxoviruses, facilitating a better
understanding of orthomyxavirus biology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

We developed a minigenome-based high-throughput antiviral screening
system for BRBV, an emerging pathogenic orthomyxovirus

DHODNH inhibitors inhibited BRBV minigenome activity and viral replication
in vitrowith 1Cgqp/ECqq in the nanomolar range

The system was applied for other orthomyxoviruses with emerging zoonotic
potential, including bat 1AV, IDV, and THOV

We present a highly accessible platform for high-throughput antiviral
screening across the Orthomyxoviridae family
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Fig. 1:

Luminescence-based BRBV MG system in HEK293 cells. A) Nucleotide and amino

acid differences between previously Genbank-deposited BRBV sequences (segment 1:
KU708253.1, segment 2: KU708254.1, segment 5: KP657749.2, segment 6: KP657750.2)
and our verified sequences (segment 1: OL989462, segment 2: OL989463, segment 5:
01989466, segment 6: OL989467). Differences are shown in red. B) Schematics of the
segment 2-based BRBV MG plasmid encoding nanoluciferase (NLuc) gene and helper
plasmids encoding PB2, PB1, PA, and NP. The sequence differences in the 5’ non-coding
region (5’ NCR) of segment 2, as well as the PB1 and NP ORFs, found in our verified
sequences are indicated by red stars. Ppoll: human RNA polymerase | promoter, Tpoll:
human RNA polymerase | terminator, Pcag: cytomegalovirus enhancer fused to the chicken
beta-actin promoter. C) BRBV MG activity shown by relative luciferase units (NLuc activity
normalized by firefly luciferase activity) with or without supplementation of PB2 helper
plasmid at 48 hours post-transfection. HEK293 cells were seeded in 12-well plates and
transfected with a MG-NLuc plasmid (0.5 ug) together with helper plasmids (0.5 g each)
and a firefly luciferase-expressing plasmid (10 ng). All data are representative of the average
of three independent experiments. *: p < 0.05.
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Fig. 2:

Fluorescence-based BRBV MG system in HEK293T/17 cells. A) Schematic of the segment
2-based BRBV MG plasmid encoding ZsGreen gene. Ppoll: human RNA polymerase |
promoter, Tpoll: human RNA polymerase | terminator, NCR: non-coding region. BRBV
MG activity is shown by B) fluorescence signals and C) fluorescence intensity with or
without supplementation of PB2 helper plasmid at 72 hours post-transfection. D) Time
course of BRBV MG activity at 24, 48, and 72 hours post-transfection. Fold induction

of BRBV MG activity was obtained by normalizing PB2+ fluorescence intensity with
PB2-. For B)-D), HEK293T/17 cells were seeded in 24-well plates and transfected with

a MG-ZsGreen plasmid (0.25 pg) together with helper plasmids (0.1 ug each). E) BRBV
MG activities induced by transfection of serially diluted helper plasmids at 72 hours
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post-transfection. HEK293T/17 cells were seeded in 96-well plates and transfected with

a MG-ZsGreen plasmid (125 ng) together with helper plasmids (25 ng each as the initial
amount which were further diluted for :2, :8, :16, :32, and :64). Data are representative of the
average of three independent experiments or triplicate in one experiment. ***: p < 0.0005,
**3%%: p < 0.00005.
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100

50

Evaluation of compound efficacies on BRBV MG activity using an optimized, fluorescence-
based BRBV MG system. A) High-throughput antiviral compound screening was performed
once. HEK293T/17 cells were seeded in 96-well plates and transfected with a MG-ZsGreen
plasmid (125 ng) together with helper plasmids (1.56 ng each). Compounds (50 nM) were
added to the cells after 8 hours post-transfection, and fluorescence signals were measured

at 72 hours post-transfection followed by cell viability assay. Percent reduction of BRBV
MG activity and cell viability in compound-treated cells are calculated relative to DMSO
vehicle control-treated cells. Compounds that inhibited BRBV MG activity more than 25%
relative to the DMSO vehicle control were included in the plot. B) Chemical structures of
hDHODH-IN-4 and brequinar. C) I1Csq and 1Cgq of hDHODH-IN-4, brequinar, favipiravir,
and sofosbuvir are determined by using serially diluted compounds with BRBV MG system.
HEK?293T/17 cells were seeded in 96-well plates and transfected with a MG-ZsGreen
plasmid (125 ng) together with helper plasmids (1.56 ng each). Compounds were added to
the cells after 8 hours post-transfection, and fluorescence signals were measured at 72 hours
post-transfection followed by cell viability assay. Data are representative of the average of
three independent experiments.
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Fig. 4:

BI%BV growth kinetics in Huh7 cells at 0, 24, 48, and 72 hours post-infection. Huh7 cells
were seeded in 6-well plate and infected with BRBV at a multiplicity of infection of 0.1.
Viral titers in culture supernatant are represented as logyg focus-forming unit (FFU)/ml. The
dotted line represents the limit of detection. Data are representative of the average of three
independent experiments.
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Evaluation of compound efficacies on BRBV replication in Huh7 cells. Huh7 cells were
seeded in 24-well plate and infected with BRBV at a multiplicity of infection of 0.1

and treated with serially diluted compounds, hDHODH-IN-4, brequinar, and favipiravir.
Supernatants were harvested at 72 hours post-infection and used for titration. Data are
shown as A) percent viral titer reduction and cell viability in compound-treated cells relative
to DMSO vehicle control-treated cells with 1Cgy and 1Cqq values and B) log;q focus-forming
unit (FFU)/ml. Data are representative of the average of three independent experiments.
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Fluorescence-based orthomyxovirus MG systems in HEK293T/17 cells. A) Classification
of viruses belonging to the family Orthomyxoviridae. The names of viruses which have
been isolated are shown. MG systems were generated for viruses labeled with red stars.
MG activities are shown by B) fluorescence signals and C) fluorescence intensity with or
without supplementation of PB2 helper plasmid at 72 hours post-transfection. For B) and
C), HEK293T/17 cells were seeded in 24-well plates and transfected with a MG-ZsGreen
plasmid (0.25 pg) together with helper plasmids (0.1 pg each). D) MG activities induced by
transfection of serially diluted helper plasmids. HEK293T/17 cells were seeded in 96-well
plates and transfected with an 1AV (pH1N1) MG-ZsGreen, IDV MG-ZsGreen, and THOV
MG-ZsGreen plasmid (125 ng) or bat IAV MG-ZsGreen plasmid (62.5 ng) together with
helper plasmids (25ng each as the initial amount which were further diluted for :2, :8, :16,
:32, and :64). Data are representative of the average of three independent experiments or
triplicate in one experiment. **: p < 0.005, ***: p < 0.0005, ****: p < 0.00005.
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Table 1.

ICsq values of each compounds on inhibition of various orthomyxovirus MG activities (UM)

hDHODH-IN-4  Brequinar Favipiravir ~ Sofosbuvir
1AV MG 0.32 0.12 196.23 >200
Bat IAV MG 0.22 0.07 108.71 >200
IDV MG 0.23 0.05 92.67 >200
THOV MG 0.12 0.04 111.66 >200
BRBV MG 0.33 0.07 64.48 >200
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